Abstract-A compact antenna system operating in the 2.4-GHz WLAN band is presented for in-band full-duplex operation. The design includes two monopoles over a T-shaped defected ground structure fed by a 180°hybrid. The measured -10-dB bandwidths are 9% (220 MHz) and 5% (130 MHz) for the transmitting and receiving ports, respectively. Through the entire band of interest, the antenna has a measured isolation (S 21 ) < -35 dB in a reflective environment. The design also has an omnidirectional radiation pattern, reasonable gain values, and a very low envelope correlation coefficient (<0.001).
C
URRENT wireless communication systems operate in half-duplex mode due to high levels of self-interference between the receiving and transmitting elements. In order to avoid having the transmitting signal interfere with the receiving signal, they either must operate at different times or at different frequencies. An in-band full-duplex system is one that would allow for transmitting and receiving on the same frequency at the same time. This would theoretically double the capacity of the wireless network and lead to more efficient use of the RF spectrum [1] , [2] . This will also be an improvement over current multiple-input-multiple-output (MIMO) systems in meeting the increasing data rate demands [3] .
Various methods have been proposed to achieve full-duplex operation such as antenna separation, antenna orientation, and placing absorptive shielding. In [4] , two transmitting antennas are placed around a single receiving antenna so that transmit signals reach the receiving antenna 180°out of phase. This multiple antenna technique can achieve up to 40 dB of isolation, however, it is not feasible for compact devices where space is limited. Bandwidth is also a problem since the receiving antenna should receive the 180°out-of-phase signal only at the center frequency. A circulator is used with a single radiating element to isolate the transmit and the receive signals in [5] this technique allows for using one antenna, circulators provide an isolation of around 20 dB and increase the cost of the wireless device. In [6] , three self-interference suppression methods (directional isolation, absorptive shielding, and cross polarization) are implemented to achieve 46 dB in a highly reflective room. However, this model is still limited by the device formfactor since antenna separation is not less than 35 cm. One promising tool to reduce self-interference is the 180°h ybrid structure [7] . Fig. 1 shows the microstrip implementation of a conventional four-port ring hybrid. A signal applied to port 1 will be equally split into two out-of-phase components at ports 2 and 4, while port 3 is isolated. The 180°hybrid can be operated as a combiner with inputs applied to ports 2 and 4. The sum of the inputs will be formed at port 3, while the difference will be formed at port 1. This allows us to use port 1 as the transmit port and port 3 as the receive port. Ports 2 and 4 can then be used for identical radiating elements. Since input at port 1 is excited, it generates two equal and out-of-phase components at ports 2 and 4. Because symmetric and identical antennas are connected to ports 2 and 4, the reflected powers are also equal and out-of-phase. They combine destructively at the receiving port, and isolation is drastically improved.
In this letter, we present a two-element monopole array excited by a 180°hybrid feeding network for in-band full-duplex applications. First, the design process will be discussed, including the use of a T-shaped cutout in the ground plane and 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. integration of the hybrid structure. Then, simulated and measured results will be presented and their significance discussed in relation to an in-band full-duplex purpose.
II. ANTENNA DESIGN
Monopole antennas are chosen for the radiating elements due to their advantages of good performance and easy fabrication. The antenna system is designed in two stages: monopoles on a modified ground plane and integration of the hybrid coupler.
A. Defected Ground Structure (DGS)
Two printed monopoles operating at 2.4 GHz are designed on a 1.5-mm-thick FR4 epoxy substrate with relative permittivity of approximately 4.4 and loss tangent of 0.02. The length of the monopole is 35.6 mm, and all simulations are performed using ANSYS HFSS. As shown in Fig. 2(a) , when the first antenna is excited, there is a high mutual coupling between the antennas due to the strong surface currents induced on the second antenna. A T-shaped cutout from the ground plane is then used to reduce S 21 . Modified ground structures are widely used in MIMO systems for isolation enhancement [8] - [10] . This DGS collects current along its sharp turns, keeping current off of the monopole, and improves isolation between the two ports [see Fig. 2(b) ]. It resonates at the desired frequency, inducing coupling current on the second monopole that cancels the coupling current induced by the first monopole. In addition, as seen in Fig. 2(b) the current is greatest along the surface between the elements of the cutout, as the monopoles excite the T-shaped slot to radiate. We have seen that impedance matching (S 11 and S 22 ) is affected with the width and the gap distance, while isolation (S 21 ) is most affected by the length of the cutout. The impedance matching and isolation can be controlled effectively by carefully tuning these dimensions. The scattering parameters with and without the T-shaped cutout are given in Fig. 3 . It can be seen that the S 21 decreases by about 12 dB, and self-interference is reduced.
B. 180°Hybrid
A ring hybrid is then incorporated into the design to further improve isolation. In order to get two identical antenna per- formances from the two monopoles, the geometry of the substrate and the feeding hybrid are made almost symmetric. The dimensions of the antenna and the hybrid are optimized using a parametric study to obtain high isolation and good radiation characteristics. The inner radius of the hybrid is 17 mm, and the circumference is 1.5λ g at the operating frequency. The length and width of the monopoles are 33.38 and 2.83 mm, respectively. Simulated results with the hybrid integration are compared to the DGS model in Fig. 4 . Although both the S 21 and S 11 values have shifted slightly to 2.5 GHz, there is an improvement of approximately 30 dB for the isolation level. The bottom and top views of the antenna are shown in Fig. 5 , and the dimensions are given in Table I .
III. EXPERIMENTAL RESULTS
The design is fabricated using an LPKF milling machine and has full dimensions of 85 × 62 × 1.5 mm 3 . The fabricated an- tenna is shown in Fig. 6 . Two 50-Ω SMA connectors are used for the transmit and receive ports of the antenna. Note that the receiving connector is placed so that a connected cable would be on the ground side to have less effect on the radiation of the monopoles. Initial fabrication revealed a significant difference between the measured and simulated impedance matching. Confirming with the manufacturer, we have found out that the relative permittivity of the FR4 used was in fact lower than the value being simulated. The antenna is resimulated with ε r = 3.9. The measured and simulated S-parameters of the antenna are given in Fig. 7 . The measured -10-dB bandwidths are 9% (220 MHz) and 5% (130 MHz) for the transmitting and receiving ports, respectively. The band covers multiple channels of the 2.4-GHz WLAN spectrum, and if shifted slightly could be used for any channel within this range. The antenna achieves a measured iso- lation of -44 dB at 2.42 GHz, and throughout the operational band the isolation remains below -35 dB for both simulation and measurement (about -40 dB in most of the band). It should be noted that the measurements are performed in a highly reflective room to take into account environmental effects. Environmental reflections limit the amount of isolation that can be achieved. In addition, coaxial cables may degrade the symmetricity of the antenna, causing more mutual coupling than expected.
The antenna has a nearly omnidirectional radiation pattern. Fig. 8 gives plots of simulated copolarized and cross-polarized radiated fields of the antenna at 2.4 GHz in the xz-(φ = 0
• ), yz-(φ = 90
• ), and xy-(θ = 90 • ) planes. The cross-polarization values are 20-40 dB lower than the copolarization values. The antenna gain is also shown in Fig. 9 . The peak gain of the antenna is approximately 4 dB, and the reasonable gain flatness is observed throughout the band of our interest staying above 3 dB. A noticeable decrease in the gain can be seen at 2.7 GHz. At this frequency, the sidelobes start to grow in magnitude such that they are comparable to the peak of the pattern and remain significant at all higher frequencies. These emerging sidelobes point in the direction of the monopoles, in the direction of ϕ and θ equal to 90°.
The efficiency of the antenna is near 80% in the operational band, starting at 84% at 2.43 GHz and dropping to 77% at 2.53 GHz. Using the radiation efficiency and S-parameters, the envelope correlation coefficient (ECC) can be calculated as follows:
This equation assumes that incident waves are uniformly distributed in the environment and that the antenna system itself is lossless [11] . While not truly accurate, the antenna and testing environment are near this, so the calculated ECC gives an approximate result. The coefficient itself is an important parameter for comparing coupling between the two ports in MIMO sys- tems. The resulting ECC, shown in Fig. 9 , is below 0.001 at all frequencies of operation, suggesting very little mutual coupling between the two antennas in the frequency band as desired. Table II compares the performance of the proposed antenna to similar designs operating at 2.4 GHz from the literature. As seen, the proposed design achieves a higher isolation within a reasonable bandwidth for both transmit and receive ports. Compared to [7] , the current design does not require any additional matching circuit. The antenna can fit within the most portable devices such as tablets and smartphones. The antenna size can further be reduced by utilizing meandered-line monopoles and using a thinner substrate without deteriorating antenna isolation since the minimum isolation is determined by the ring hybrid and the symmetry of the antenna system.
IV. CONCLUSION
A high-isolation monopole array is presented for in-band fullduplex systems. The self-interference between antenna elements has been reduced utilizing a ring hybrid feeding structure and a T-shaped cutout from the ground plane. A minimum isolation greater than 35 dB is measured in a highly reflective room, but improved fabrication techniques and less reflective environments can improve isolation level. An omnidirectional radiation pattern is observed, and the envelope correlation coefficient is extremely low across the band of interest.
